Introduction {#sec1}
============

Graphene and other two-dimensional (2D) materials have been touted as promising ultrathin passivation coatings due to their extremely low permeability to gases^[@ref1],[@ref2]^ and their ultimate thinness, offering the prospect of preserving the physical properties of surfaces with only a single atomic layer separating them from their surroundings. Standard exfoliation and transfer-based techniques for producing 2D materials are not well-suited to depositing such passivating layers, where a complete, conformal coating is typically desired to prevent ingress of oxidizing species. On the other hand, catalytic growth techniques such as chemical vapor deposition (CVD)^[@ref3]−[@ref5]^ offer direct routes for reducing a catalyst surface and forming a uniform, conformal 2D material layer that passivates the surface enabling simplified integration into devices.^[@ref6]^ Indeed, CVD of graphene onto Ni electrodes has been shown to prevent their oxidation during week-long exposures to atmosphere, with functional tunneling spin valve devices successfully fabricated using these graphene-passivated electrodes.^[@ref7]−[@ref9]^ However, other studies investigating graphene grown on Cu foils, as well as graphene transferred onto Si surfaces, have highlighted that the expected passivation is not necessarily achieved and may not be maintained over the long term.^[@ref10]−[@ref12]^

Despite the huge progress in improving the quality and uniformity of CVD graphene,^[@ref13],[@ref14]^ atomic defects still remain, both within graphene domains and at the boundaries where they join, which provide pathways for the permeation of oxidizing species.^[@ref15]^ For single-layer graphene (SLG) on Cu, previous observations have revealed that, on atmospheric air exposure, oxidizing species are thereby able to intercalate between the SLG and Cu and thus access the whole Cu surface.^[@ref12]^ Under these atmospheric conditions, where humidity is sufficient for condensed water vapor to serve as an electrolyte on the surface of the graphene--substrate couple, both dry oxidation and wet corrosion must be considered.^[@ref16]^ Therefore, while the reduced permeation of oxidizing species through the SLG slows these processes over the short term, Cu oxidation still proceeds over time and is even observed to be electrochemically enhanced in the long term due to the galvanic couple formed by the SLG--Cu.^[@ref10],[@ref11]^ Recent progress has been made in reducing the graphene permeability by stacking multiple layers^[@ref17],[@ref18]^ or selectively blocking defects with post-treatments,^[@ref19]^ yet these approaches yield barriers significantly thicker than SLG and the reported permeabilities are not sufficiently low to prevent surface oxidation over the long term (i.e., years),^[@ref20]^ casting doubt on the level of passivation that can be achieved with atomically thin 2D materials.

Here we form continuous SLG coatings on various polycrystalline transition metal catalysts (Ni, Co, Fe, Pt) by CVD, and using in situ, depth-resolved X-ray photoelectron spectroscopy (XPS) we investigate the extent of oxidation following exposures to atmospheric (moist) air at room temperature for time frames ranging from several minutes up to many months. We thereby demonstrate that SLG can effectively passivate polycrystalline Ni surfaces and maintain a fully reduced Ni surface even following exposure to atmospheric conditions for more than 18 months. Our data reveal that of key importance to achieving this long-term passivation is a strong graphene--substrate interaction, which prevents the lateral diffusion of oxidizing species along the graphene--substrate interface. This enables the long-term passivation of the covered regions of a substrate that interacts strongly with graphene (e.g., Ni, Co), even in cases where the graphene does not form a complete, conformal coating. This is in stark contrast to metals that exhibit a weak interaction (e.g., Cu, Pt), where even short air exposures are sufficient to decouple the graphene from the catalyst by the intercalation of oxidizing species at edges or defects, opening a pathway by which oxidizing species can access the whole catalyst surface. We further show that the ability of the substrate to locally form a passivating oxide at defective or damaged regions in the graphene overlayer is critical in eliminating an alternative route by which oxidation of the substrate can proceed over the longer term. For catalysts that do not form such a passivating oxide (e.g., Fe in moist air), while a strong graphene--substrate interaction can suppress surface oxidation in the short term, for long-term exposures to atmospheric air, oxidation can proceed through the oxide layers that form close to graphene defects until eventually the metal becomes oxidized throughout.

These observations reveal that the interaction between a 2D material and the underlying substrate plays a significant role in determining its performance as a passivation layer and highlight that it is the combination of 2D material and substrate that is key to preventing oxidation. We thereby rationalize apparent inconsistencies in the literature regarding the extent to which graphene passivates different substrates and highlight the key advantages offered by direct integration techniques, such as CVD, that can inherently establish a strong graphene--substrate interaction.

Results and Discussion {#sec2}
======================

Graphene is formed by CVD on polycrystalline transition metal foils (Co, Fe, Ni, Pt) and a Ni(111) single crystal or by vacuum annealing of a Pt(111) single crystal (see [Methods](#sec4){ref-type="other"}), based on our extensive previous calibrations.^[@ref3],[@ref21]−[@ref24]^ Samples are then exposed to atmospheric (moist) air at room temperature from times ranging from several minutes to more than 18 months, where we note that condensed water vapor may serve as an electrolyte to facilitate wet corrosion.

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} compares the depth-resolved XP Ni 2p~3/2~ core level spectra of polycrystalline Ni foils with different extents of graphene coverage and lengths of exposure to atmospheric conditions. Depth resolution is achieved by varying the incident photon energy, *E*~photon~, which in turn varies the kinetic energy of the photoelectrons and thus their mean escape depth, λ~escape~. The spectra for a bare Ni (25 μm) foil that has been annealed \[600 °C, H~2~ (10^--1^ mbar) for 15 min\] and kept under vacuum conditions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) correspond to metallic Ni with a dominant peak at 852.6 eV (Ni~M~), confirming that the foil is fully reduced across the depths probed.^[@ref25]^ Following exposure to atmosphere for just 5 min ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), strong Ni oxide and hydroxide peaks^[@ref26]^ (Ni~Ox~) appear in the most surface-sensitive spectrum (λ~escape~ ≈ 7 Å), indicating that the Ni surface has become heavily oxidized. Probing deeper into the sample (λ~escape~ ≈ 9--11 Å) reveals a lower extent of oxidation, as seen from the decrease in the intensities of the Ni~Ox~ peaks relative to the Ni~M~ peaks, consistent with the rapid formation of an oxide layer on atmospheric exposure, that passivates the surface and limits oxidation from proceeding throughout the Ni bulk.^[@ref27],[@ref28]^ Conversely, for a Ni (25 μm) foil covered with a complete SLG film ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c), the XP Ni 2p~3/2~ core level spectra remain very similar to those measured for the fully reduced Ni foil ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a), even following 18 months in air. This confirms the SLG-covered Ni surface remains reduced during extended exposure to atmospheric air and, therefore, that long-term passivation can be achieved with SLG on Ni surfaces. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d shows that, even for a Ni (250 μm) foil covered with noncontinuous SLG islands, the surface remains largely reduced with only small Ni~Ox~ contributions visible following 18 months of air exposure. The extent of the oxidation correlates with the area of uncovered Ni, as determined by scanning electron microscopy ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08729/suppl_file/ja5b08729_si_001.pdf)), indicating that only these regions are oxidized while the areas beneath the SLG remain reduced. It should be noted that the absolute intensity of the Ni 2p~3/2~ signals is weakened by graphene coverage, as apparent from the increased signal-to-noise ratio in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d.

![Depth-resolved XP Ni 2p~3/2~ core level spectra for polycrystalline Ni (25 μm) in situ immediately following annealing \[600 °C, H~2~ (10^--1^ mbar) for 15 min\] (a) and after subsequent exposure to atmosphere for \<5 min (b), as well as for Ni (25 μm) covered with a complete SLG layer (c), and Ni (250 μm) covered with noncontinuous SLG islands (d) following exposure to atmosphere for \>18 months. The SLG was grown by CVD \[600 °C, C~6~H~6~ (10^--5^ mbar) for 15 min\]. Spectra are collected at photon energies, *E*~photon~, of 1010, 1150, 1300, and 1450 eV \[from upper to lower spectra, respectively, λ~escape~ ≈ 7, 9, 10, and 11 Å\] and are normalized to have the same maximum intensity. Fitted components for metallic Ni (Ni~M~) and Ni oxide/hydroxide (Ni~Ox~) are shaded blue and red, respectively.](ja-2015-08729k_0001){#fig1}

This long-term passivation behavior of graphene on Ni is in contrast to that reported for graphene on Cu, where long-term passivation under atmospheric conditions is not achieved, and the presence of graphene is even found to electrochemically enhance the oxidation of Cu by the formation of a galvanic couple.^[@ref10]−[@ref12]^ It has been proposed that such disparities in graphene passivation behavior may relate to differences in the defect densities of the graphene formed on these different metals.^[@ref29]^ However, comparison of SLG grown on Ni using the conditions herein and SLG grown on Cu that subsequently oxidizes in air reveals very similar defect densities as determined by Raman spectroscopy (following transfer to SiO~2~ (300 nm)/Si substrates).^[@ref3],[@ref12]^ A significant difference between these two systems, however, does lie in the strength of the metal--graphene interaction. We therefore draw a distinction between strongly interacting metals, such as Ni,^[@ref22],[@ref30]−[@ref33]^ Co,^[@ref34],[@ref35]^ Fe,^[@ref33],[@ref36]^ Ru,^[@ref37]−[@ref39]^ Rh,^[@ref40]^ and Pd,^[@ref41]^ where the hybridization between the graphene π and metal *d* valence band states destroys the characteristic linear band dispersion of graphene at the K point, and weakly interacting metals, such as Cu,^[@ref42]−[@ref44]^ Ag,^[@ref42]^ Ir,^[@ref45]^ Pt,^[@ref31],[@ref46],[@ref47]^ and Au,^[@ref32],[@ref42],[@ref48]^ where this linear dispersion is preserved but charge transfer between the metal and graphene (i.e., doping) typically shifts the Fermi level position of the graphene.^[@ref31],[@ref33],[@ref47],[@ref49]^ Dahal and Batzill quantify this distinction in terms of the energy of the metal *d* band center with respect to the Fermi level, with the transition between weakly and strongly interacting metal suggested to occur at ∼2 eV.^[@ref47]^ We note that this refers to graphene on idealized low-index, single-crystal surfaces and that the situation for polycrystalline surfaces is more complex, with possible variations in the graphene--substrate interaction for different crystal facets.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} compares the effect of atmospheric exposures on SLG grown on prototypical strongly interacting Ni(111)^[@ref32]^ and more weakly interacting Pt(111). The spectra are consistently fitted (see [Methods](#sec4){ref-type="other"}) based on our previous XPS investigations of graphene on Ni^[@ref21]−[@ref24]^ and other catalysts.^[@ref12],[@ref50]^ The spectral resolution of ∼0.3 eV allows the relatively small shifts in binding energy associated with changes in graphene--catalyst interaction to be readily resolved. The CVD condition used on Ni(111) \[400 °C, C~2~H~4~ (10^--6^ mbar) for 2 h\] results in epitaxial SLG formation by the transformation of an intermediate Ni~2~C surface carbide.^[@ref21],[@ref22]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the resulting XP C 1s spectrum following growth, which has a majority component at ∼284.8 eV corresponding to epitaxial SLG, whose higher binding energy compared to isolated graphene (∼284.4 eV) relates to the alteration of the band structure by the strong interaction with Ni(111).^[@ref21],[@ref47]^ Very minor contributions are also observed at ∼284.4 and ∼283.2 eV, which correspond to small amounts of rotated SLG and residual Ni~2~C, respectively.^[@ref21]^ We note that, under such low-temperature growth conditions, numerous defects are included within the graphene lattice as previously confirmed by scanning tunneling microscopy.^[@ref21]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a also shows the C 1s spectrum for epitaxial SLG on Ni(111) following exposure to atmosphere for 5 days. Significantly, the dominant component remains at ∼284.8 eV, with the absence of a shift in the peak position during air exposure confirming that the strong SLG--Ni(111) coupling is maintained, in spite of the presence of defects in the SLG. A shift toward the binding energy of isolated graphene (∼284.4 eV) would be expected if the graphene--catalyst interaction is weakened, as seen for rotated SLG,^[@ref21],[@ref22]^ additional graphene layers,^[@ref22]^ or for epitaxial SLG on Ni(111) intercalated with Au.^[@ref32],[@ref51]^ Following air exposure there is some broadening of the fitted components, consistent with the accumulation of atmospheric contaminants (e.g., hydrocarbons, oxygen).^[@ref52]^ The C~A~ component also disappears, indicating that residual Ni~2~C is unstable under atmospheric conditions and likely oxidizes. Furthermore, given that no bulk carbidic phases are found to be stabilized under these growth conditions on Ni,^[@ref23],[@ref24]^ the passivation we observe is attributed to the presence of SLG rather than any surface or bulk carbidic phase.

![(a) XP C 1s core level lines of Ni(111) covered with SLG grown by CVD \[400 °C, C~2~H~4~ (10^--6^ mbar) for 2 h\] in situ immediately following growth (lower) and after exposure to atmosphere for 5 days (upper). (b) XP C 1s core level lines of Pt(111) covered with SLG grown by vacuum annealing \[10^--8^ mbar, 1000 °C, for 2 h\] in situ immediately following growth (lower) and after exposure to atmosphere for 5 min (middle) and 2 days (upper). All spectra are collected at photon energy, *E*~photon~, of 425 eV (λ~escape~ ≈ 7 Å) and are normalized to have the same maximum intensity. (c) SEM micrographs of SLG island on polycrystalline Pt (25 μm) after exposure to atmosphere for 5 min (lower) and 1 day (upper), with inset schematic indicating the coupled (purple) and decoupled (blue) regions.](ja-2015-08729k_0002){#fig2}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows XP C 1s spectra measured for SLG grown on a Pt(111) surface by the diffusion of adventitious carbon from within the bulk of the crystal during vacuum annealing \[10^--8^ mbar, 1000 °C, for 2 h\]. The dominant component immediately following growth is at ∼284.0 eV, which corresponds to SLG coupled to the Pt surface, with the peak position shifted to lower binding energy than isolated graphene due to the p-type charge transfer doping by the higher work function Pt(111).^[@ref31],[@ref40],[@ref46],[@ref47],[@ref49]^ On exposure to atmosphere for only short times (5 min), additional peaks begin to appear with the strongest at ∼284.4 eV, which grows in intensity at the expense of the ∼284.0 eV peak for longer exposures (2 days). This shift in peak position toward that of free-standing, undoped graphene^[@ref50],[@ref52]^ is attributed to the weakening of the SLG--Pt coupling by the gradual intercalation of oxidizing species at the SLG--Pt interface, leading to the decoupling of the SLG and loss of the charge transfer, i.e., loss of *p*-type doping. The other more minor peaks are tentatively attributed to carbidic species (∼283.6 eV)^[@ref53]^ and reconstruction of platinum regions beneath the SLG (∼285 eV).^[@ref54]^

This decoupling behavior is also apparent in scanning electron microscopy (SEM) images (secondary electron, in-lens detector) of an isolated SLG island on polycrystalline Pt ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c), where the brighter decoupled region near the perimeter (lower image, 5 min air exposure) proceeds inward with continuing air exposure until the whole SLG island is decoupled (upper image, 1 day air exposure). The reduction in secondary electron yield for the coupled SLG region is attributed to the higher work function of the SLG when it is *p*-doped.^[@ref55]^ The shorter time scale for complete decoupling of this isolated SLG island is ascribed to the shorter lateral distances over which intercalants must diffuse in comparison to the continuous SLG film of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. We note that a similar decoupling behavior on air exposure is observed for graphene on other weakly interacting catalysts such as Cu,^[@ref12]^ albeit occurring over even shorter time scales, and with coupled regions showing brighter secondary electron yield than decoupled regions.^[@ref12],[@ref50]^ This increased secondary electron yield can again be explained by alteration of the coupled graphene's work function, which in this case is expected to be lowered due to *n*-type charge transfer doping by Cu.^[@ref47]^

Having established that with Ni a strong graphene--metal interaction protects against rapid surface oxidation by preventing intercalation of oxidizing species at the graphene--metal interface, we now consider the performance of graphene in protecting other transition metals that interact strongly with graphene, namely, Co ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) and Fe ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows Co 2p~3/2~ core level spectra for bare Co (25 μm) after annealing \[H~2~ (1 mbar) at 600 °C for 15 min\], which indicate that the Co is fully reduced with a dominant metallic peak at ∼778.2 eV (Co~M~), for both of the depths probed (λ~escape~ ≈ 8 and 11 Å). Following air exposure of the bare Co surface for ∼5 min ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b), peaks related to Co oxides/hydroxides with binding energies above 780 eV (Co~Ox~) dominate the most surface-sensitive Co 2p~3/2~ spectrum (λ~escape~ ≈ 8 Å). They are also readily apparent in the more bulk-sensitive spectra (λ~escape~ ≈ 11 Å), but the Co~M~ peak remains the most intense component, indicating a lower extent of oxidation. This closely parallels the oxide formation on Ni and is again consistent with previous results showing the rapid formation of an oxide layer on exposure to atmospheric air that passivates the surface and slows further oxidation of the metal bulk.^[@ref56]^[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c reveals that, for SLG-covered Co (25 μm) exposed to air for \>6 months, the Co 2p~3/2~ spectra are very similar to those of reduced Co ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Importantly, the absence of any significant Co~Ox~ peaks confirms that oxidation of the Co surface is very limited and that the SLG-covered Co is maintained in a reduced state. We note that no significant carbidic phases are apparent in the Co 2p~3/2~ spectra or corresponding C 1s spectra (not shown) and the passivation is thus attributed to the presence of SLG. This behavior observed for Co is qualitatively very similar to that for Ni, with almost no oxidation of the SLG-covered Co evident after \>6 months, while the bare Co forms a passivating oxide layer across its surface.

![Depth-resolved XP Co 2p~3/2~ core level spectra for polycrystalline Co (25 μm) in situ immediately following annealing \[600 °C, H~2~ (10^--1^ mbar) for 15 min\] (a) and after subsequent exposure to atmosphere for \<5 min (b); and for Co (25 μm) covered with a complete SLG layer grown by CVD \[700 °C, C~2~H~2~ (∼10^--6^ mbar) for 15 min followed by C~2~H~2~ (∼10^--5^ mbar) for 5 min\] following exposure to atmosphere for \>6 months. Spectra are collected at photon energies, *E*~photon~, of 1020 (upper) and 1400 eV (lower) \[respectively, λ~escape~ ≈ 8 and 11 Å\] and are normalized to have the same maximum intensity.](ja-2015-08729k_0003){#fig3}

![Depth-resolved XP Fe 2p~3/2~ core level spectra for polycrystalline Fe (100 μm) in situ immediately following annealing \[1000 °C, H~2~ (10^--1^ mbar) for 15 min\] (a) and after subsequent exposure to atmosphere for 1 h (b); and for Fe (100 μm) covered with a complete SLG layer grown by CVD \[650 °C, C~2~H~2~ (∼10^--4^ mbar) for 30 min\] following exposure to atmosphere for 1 week (c) and \>6 months (d). Spectra are collected at photon energies, *E*~photon~, of 920 (upper) and 1150 eV (lower) \[respectively, λ~escape~ ≈ 8 and 10 Å\] and are normalized to have the same maximum intensity.](ja-2015-08729k_0004){#fig4}

Parts a and b of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} show Fe 2p~3/2~ spectra for an annealed \[H~2~ (1 mbar) at 900 °C for 15 min\] Fe foil, before and after exposure to atmosphere for ∼1 h, respectively. Initially ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) a dominant peak at ∼706.7 eV (Fe~M~) is apparent for both excitation energies used (corresponding to λ~escape~ ≈ 8 and 10 Å), consistent with the Fe being fully reduced. Following the short atmospheric exposures, components related to Fe oxides/oxyhydroxides^[@ref57],[@ref58]^ appear around 711 eV (Fe~Ox~), which are dominant across the depths probed, with only a very weak Fe~M~ component remaining. This significant oxidation of the Fe that is observed even in the more depth-sensitive spectrum is in contrast to the behavior of the bare Co and Ni films where the initial rapid formation of a thin oxide layer passivates the surface, limiting further oxidation of the metal bulk. This is, however, consistent with the well-established and often experienced behavior of Fe in moist air where a hydrated oxide forms as a loose deposit that provides little or no passivation of the Fe surface and allows oxidation to proceed throughout the bulk,^[@ref16]^ in contrast to cases of purely dry or purely wet Fe oxidation.^[@ref58],[@ref59]^

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c shows that, for SLG-covered Fe exposed to air for 5 days, while some weak Fe~Ox~ contributions are detectable in the most surface-sensitive spectrum (λ~escape~ ≈ 8 Å), the spectra remain largely similar to those of the reduced Fe ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), with Fe~M~ remaining by far the dominant component. However, following a longer, \>6 month air exposure ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d), the Fe 2p~3/2~ spectra now more closely resemble the air-exposed bare Fe foil ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b), showing only Fe~Ox~ components with no detectable Fe~M~ contribution. This highlights that, while the SLG coverage can protect the Fe from oxidation for air exposures of a few weeks, for longer-term exposure the underlying Fe foil gradually oxidizes and eventually no reduced Fe remains close to the surface. This same general behavior is confirmed for Fe covered with thicker few-layer graphene (FLG) films; however, a small Fe~M~ peak is still detectible in the XP spectra even after \>18 months (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08729/suppl_file/ja5b08729_si_001.pdf), Figure S3). This reveals that the Fe oxidation occurs more slowly, with some Fe still preserved in a metallic state, presumably as a result of the reduced permeation of oxidizing species through the thicker FLG film. No significant carbidic phases are observed in the Fe 2p~3/2~ spectra or corresponding C 1s spectra (not shown) of the samples measured, and thus their involvement in the observed oxidation behavior can be largely excluded.

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} illustrates the general model for 2D material passivation that is developed herein by investigating graphene passivation on different substrates during atmospheric air exposures. First the presence of the 2D material provides a low-permeability barrier that limits the access of oxidizing species to the substrate below, with thicker layers having even lower permeability. However, this low permeabilty alone does not typically afford long-term passivation, as intrinsic defects such as grain boundaries and atomic vacancies in the graphene still allow oxidizing species to reach the substrate close to these defects. For weakly interacting metals (e.g., Cu, Pt), the graphene is rapidly decoupled from the surface on air exposure by the intercalation of oxidizing species, allowing ready access to the whole metal surface and thus its rapid oxidation. For strongly interacting metals (e.g., Ni, Co, Fe) however, the graphene remains coupled on air exposure and the oxidizing species are thus only able to access the metal surface close to graphene defects, suppressing oxidation of the surface over the short term. For metals that form a passivating oxide (e.g., Ni, Co), these exposed regions near to defects are quickly "plugged" by oxide formation, and the majority of the metal surface is thereby protected from oxidation over the long term. In the case of metals whose oxide is not passivating (e.g., Fe in moist air), while the strong graphene--metal interaction provides short-term protection of the surface, over the longer term, oxidation can proceed through the oxide layers initially formed close to graphene defects until eventually the metal becomes oxidized throughout.

![Schematic illustrating the passivation behavior of different graphene-covered metals. Graphene is easily decoupled from the surface of weakly interacting metals (e.g., Cu, Pt) on air exposure, providing a pathway for the intercalation of oxidizing species at the graphene--catalyst interface and ready access for these oxidizing species to the whole metal surface. For strongly interacting metals (e.g., Ni, Co, Fe), graphene is not decoupled on air exposure, and the oxidizing species are thus only able to access the metal surface close to graphene defects. For metals that form a passivating oxide (e.g., Ni, Co), these exposed regions near to defects are quickly "plugged" by oxide formation, protecting the substrate from oxidation over the long term. For metals whose oxide is not passivating (e.g., Fe), oxidation is initially slowed by the already formed oxide, and thus the graphene coverage provides short-term passivation. However, oxidation can proceed through the already formed oxide, eventually allowing the metal to become oxidized throughout for long-term air exposures.](ja-2015-08729k_0005){#fig5}

We emphasize that, although a passivating oxide is key to the observed long-term passivation of graphene-covered strongly interacting metals, a passivating oxide alone does not afford equivalent protection. The surfaces of bare Ni and Co are heavily oxidized within minutes of atmospheric exposure, whereas with graphene present negligible oxidation of the surface occurs for atmospheric exposures of several months or even years, time scales of \>5 orders of magnitude longer. This suppression of surface oxidation is important for various applications where even limited surface oxidation of metals can severely undermine performance, including ferromagnetic spin injectors,^[@ref7]−[@ref9]^ bipolar plates for polymer electrolyte membrane fuel cells,^[@ref60],[@ref61]^ and non-noble plasmonic materials.^[@ref62]^

Our model is consistent with various reports in literature of the effective passivation of metals that strongly interact with graphene such as Ni and Ru in atmospheric air^[@ref7]−[@ref9],[@ref63],[@ref64]^ and Fe in dry O~2~.^[@ref65]^ More weakly interacting catalysts covered with graphene, most typically Cu^[@ref10],[@ref12],[@ref66]^ but also Ir,^[@ref67],[@ref68]^ are reported to show oxygen intercalation even for relatively modest air exposures, and in the case of Cu, surface oxidation is observed within hours of exposure to atmosphere.^[@ref10],[@ref12]^ More direct comparisons of the gaseous oxidation of strongly and weakly interacting metals covered with 2D materials formed by CVD are scarcely reported in the literature; however, the behavior observed during electrochemical corrosion studies of different graphene-covered metals in aqueous solutions appears consistent with the model developed herein.^[@ref69]^ Anodic reactions are found to be strongly suppressed for graphene-covered Ni, which has a strong graphene--catalyst interaction and forms a passivating oxide. In contrast only a very minor reduction in anodic reaction rate is observed for graphene-covered Cu, whose weak graphene--catalyst interaction and lack of passivating oxide offer little protection. While our focus herein has been on passivation with 2D materials at room temperature in atmospheric air, we note that, under the more extreme conditions of full immersion in a liquid environment, the formation of a stable passivating oxide is expected to be particularly important in suppressing wet (i.e., electrochemical) corrosion.

Under more aggressive chemical environments or at elevated temperatures, further factors may need to be taken into account when applying the graphene passivation framework that we have developed. For example, the oxidizing species may be more readily able to intercalate beneath 2D materials even when a strong interaction with the substrate exists^[@ref39],[@ref63]^ and/or passivating oxides formed at room temperature may no longer be stable.^[@ref56]^ Furthermore, depending on the nature of the substrate, it can serve as a catalyst to accelerate the breakdown of the 2D material layer under such conditions. Indeed the etching of h-BN on Cu in the presence of oxygen has been observed at temperatures well below those at which isolated h-BN starts to degrade.^[@ref70]^ Therefore, careful consideration of the compatibility of the 2D material and substrate under the specific operating conditions is required, and further experimental verification of the passivation that can be achieved under such conditions may be needed.

A number of previous publications have compared the passivation performance of graphene grown directly on a substrate with that of graphene transferred onto a substrate, with the latter typically giving much poorer results.^[@ref10],[@ref29],[@ref71]^ This can be understood in the context of the model developed herein, given that a strong interaction with the substrate is not expected to result from typical 2D material-transfer techniques. This also applies to passivation barriers based on percolation of liquid-phase-exfoliated platelets,^[@ref72]^ and thus in both of these cases any potential strong interaction with the substrate that could improve the barrier's performance may need to be activated by, for example, postdeposition thermal annealing.^[@ref73]^ This highlights a key advantage of catalytic deposition techniques such as CVD, in that the establishment of an interaction between the catalyst and 2D material is integral to the growth process,^[@ref22]^ allowing the direct integration of 2D materials into device structures to provide long-term passivation.^[@ref6]−[@ref9]^ We further note that, while the permeability of 2D material passivation layers can be improved by decorating defects using atomic layer deposition (ALD),^[@ref19]^ this does not strengthen the graphene--substrate interaction and thus does not benefit from the synergy between the substrate and the passivation layer.

We have so far only considered graphene-covered elemental substrates, but we note that, for strongly interacting metals that do not form the required passivating oxide, alloying of the metal may offer a route to achieving long-term passivation. For example, by exchanging Fe for stainless steel, a strong graphene--metal interaction is still expected while the alloy can form a stable passivating oxide that can plug defects in the graphene, allowing improved corrosion resistance.^[@ref74]^ Similarly, where long-term passivation of a substrate with a 2D material is desired but no strong interaction exists, it may be possible to intercalate a thin layer of strongly interacting atoms at the interface to provide the required protection,^[@ref75]^ although this will of course further alter the surface properties.

The ability for metal atoms to intercalate beneath graphene indicates that defects are typically present in as-grown graphene or are readily formed on annealing. Nevertheless, our results highlight that the protection against oxidation achieved on metals that interact strongly with graphene and form a passivating oxide is maintained even if the graphene coating is relatively defective ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) or not completely continuous ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). This makes such protection promising even for applications where some in-service damage or wear might be expected. This raises the question of what quality of 2D material is actually required to achieve passivation of the substrate surface. The strong graphene−metal interaction that is key to preventing oxidation arises from the hybridization between the graphene π and metal *d* valence band states. Thus, if this hybridization is not maintained due to significant changes in the electronic structure of the graphene, the protection against surface oxidation is also expected to be lost. The formation of a passivating oxide is also critical in preventing oxidation from proceeding through the metal bulk over the longer term. Therefore, as the distance between defects approaches the thickness of the metal's passivating oxide, the oxidation behavior will approach that of the bare metal surface. Thus, for Ni and Co substrates, with typical passivating oxide thicknesses of the order of nanometers,^[@ref27],[@ref56]^ reasonable passivation can still be expected from relatively defective and even nanocrystalline graphene, but this is likely to be lost on moving further along the amorphization trajectory toward tetrahedral amorphous carbon.^[@ref4]^ A similar line of argument can be applied to understanding whether the suppression of intercalation on certain metals arises due to the anchoring of the graphene at edges/defects or the interaction between the graphene basal plane and the metal surface. While differences in the anchoring of graphene layers on different metals might be expected, the thicknesses of the passivating oxides on Ni and Co, i.e., the distance over which oxidizing species can penetrate, would easily bypass the anchoring of the atom-thick graphene, and thus the strong interaction between the graphene basal plane and the metal surface is chiefly implicated.

Conclusions {#sec3}
===========

In summary, we have shown that SLG can effectively protect Ni and Co surfaces from oxidation over extended periods, even when the SLG does not form a continuous film. We find that crucial to achieving this long-term passivation is a strong interaction between the 2D material and the underlying substrate, preventing the intercalation of oxidizing species along their interface, which otherwise allows the rapid oxidation of the whole substrate surface. This reveals a route to the long-term protection of metal surfaces, based on the synergy between the substrate and the passivation layer, rather than just the passivation layer's standalone permeability. Furthermore, we highlight that the ability of the substrate to form a passivating oxide is critical in preventing oxidation from instead proceeding through the substrate bulk, fed through defects or damaged regions in the 2D material overlayer. We are thus able to provide a consistent explanation for apparent disparities in literature regarding the ability for graphene to provide long-term passivation, which, as we highlight, depends critically on the properties of the underlying substrate. These insights are highly relevant to the application of 2D materials as effective passivation barriers, where they offer the prospect of preserving the physical properties of surfaces over the long term.

Methods {#sec4}
=======

We investigate commercially available polycrystalline foils of Ni (25 or 250 μm thick), Co (25 μm thick), Fe (100 μm thick), and Pt (25 μm thick), as well as ∼1 mm thick Ni(111) and Pt(111) single crystals. The polycrystalline foils and Ni(111) are annealed \[600--900 °C, H~2~ (1 mbar), 15 min, heated at ∼100 °C min^--1^\], exposed to hydrocarbons \[400--700 °C, C~2~H~4~ (10^--6^--10^--4^ mbar)\], and then cooled \[under vacuum (∼10^--7^ mbar) at ∼100 °C/min\] in custom-built cold-wall reactors unless otherwise stated. For growth on Pt(111), the sample is first annealed \[1000 °C, O~2~ (10^--4^ mbar), 30 min\] to leave a carbon-free surface (as confirmed by in situ XP C 1s spectra) and, following removal of O~2~, graphene growth proceeds during vacuum annealing \[1000 °C, 10^--8^ mbar\], presumably supplied by carbon dissolved with the sample's bulk. Samples are exposed to atmospheric (moist) air at room temperature for between 5 min and 18 months and are stored in polystyrene sample boxes during this time to minimize the buildup of dust that may otherwise alter their oxidation behavior.

In situ XPS measurements were performed at the BESSY II synchrotron at the ISISS end station of the FHI-MPG. The high-pressure setup consists of a reaction cell (base pressure ≈ 10^--8^ mbar) attached to a set of three differentially pumped electrostatic lenses and a differentially pumped analyzer (Phoibos 150, SPECS GmbH), as described elsewhere.^[@ref76]^ All spectra are collected in normal emission geometry, with a spot size of 80 μm × 150 μm and a spectral resolution of ∼0.3 eV. *E*~photon~ is varied to achieve depth resolution, by changing the kinetic energy of the emitted photoelectrons and thus their inelastic mean free paths, λ~escape~. All spectra are background-corrected (Shirley) and analyzed by performing a nonlinear mean square fit of the data, using Doniach-Šùnjić functions convoluted with Gaussian profiles. All binding energies are referenced to contemperaneously measured Fermi edges. The extent of S-/FLG growth is confirmed ex situ on as-grown samples using scanning electron microscopy (SEM, Zeiss SigmaVP, 1--2 kV, in-lens detector) or after transfer of the S-/FLG films to SiO~2~ (300 nm)/Si substrates using optical microscopy and Raman spectroscopy (Renishaw Raman InVia Microscope, 532 nm excitation).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.5b08729](http://pubs.acs.org/doi/abs/10.1021/jacs.5b08729).SE micrographs showing extents of graphene coverage for samples corresponding to Figures 1, 3, and 4 and XP spectra for FLG-covered Fe following \>18 months of air exposure ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08729/suppl_file/ja5b08729_si_001.pdf))
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